Consumption of green tea is associated with a decrease in cardiovascular mortality. The beneficial health effects of green tea are attributed in part to polyphenols, organic compounds found in tea that lower blood pressure, reduce body fat, decrease LDL cholesterol, and inhibit inflammation. We hypothesized that epigallocatechin gallate (EGCG), the most abundant polyphenol in tea, inhibits endothelial exocytosis, the initial step in leukocyte trafficking and vascular inflammation. To test this hypothesis, we treated human umbilical-vein endothelial cells with EGCG and other polyphenols, and then measured endothelial exocytosis. We found that EGCG decreases endothelial exocytosis in a concentration-dependent manner, with the effects most prominent after 4 h of treatment. Other catechin polyphenols had no effect on endothelial cells. By inhibiting endothelial exocytosis, EGCG decreases leukocyte adherence to endothelial cells. In searching for the mechanism by which EGCG affects endothelial cells, we found that EGCG increases Akt phosphorylation, eNOS phosphorylation, and nitric oxide (NO) production. NOS inhibition revealed that NO mediates the anti-inflammatory effects of EGCG. Our data suggest that polyphenols can decrease vascular inflammation by increasing the synthesis of NO, which blocks endothelial exocytosis.
Introduction
Consumption of green tea is associated with a decrease in cardiovascular mortality (Kuriyama et al., 2006) . Green tea has a variety of anti-atherogenic effects: it is reported to lower blood pressure, reduce body fat, decrease LDL cholesterol, improve glucose tolerance, and decrease oxidant stress (Freese et al., 1999; Sung et al., 2000; Klotz and Sies, 2003; Nagao et al., 2005; Yang et al., 2004) . In addition, green tea decreases inflammation, which plays an important role in atherogenesis.
One anti-inflammatory component of green tea is the polyphenol epigallocatechin gallate (EGCG). Polyphenols are a group of compounds including tannins, lignins, and flavonoids that are synthesized by plants; polyphenols are found in foods and beverages such as green tea, wine, olive oil, and chocolate. The major flavonoids in green tea are the catechins: catechin, epicatechin, epicatechin gallate, and EGCG.
EGCG contributes to the anti-inflammatory effects of green tea. It reduces inflammation in a variety of animal models, including endotoxemia (Yang et al., 1998) , asthma (Bani et al., 2006; Kim et al., 2006) , autoimmune encephalitis (Aktas et al., 2004) , cystitis (Ozcan et al., 2005) , and myocardial reperfusion (Aneja et al., 2004) . EGCG even limits infiltration of leukocytes into the skin of humans exposed to UV light (Katiyar et al., 1999; Afaq et al., 2003) . EGCG decreases inflammation in part by inhibiting nuclear factor-kB (NF-kB) activation (Lin and Lin, 1997; Singh et al., 2002) . EGCG decreases NF-kB regulated expression of TNF-a, iNOS, and COX-2 following lipopolysaccharide treatment of mice or isolated macrophages (Lin and Lin, 1997) . Another pro-inflammatory pathway inhibited by EGCG is the mitogen-activated protein kinase (MAPK) cascade. EGCG limits MAPK activation following interleukin-1b treatment (Barthelman et al., 1998; Chung et al., 2001) . EGCG also inhibits STAT-1 activation (Townsend et al., 2004) . However, EGCG may limit inflammation through additional pathways not yet identified.
The first step in vascular inflammation is endothelial activation. Agonists released by injured tissue activate endothelial cells to release granules called Weibel-Palade bodies Lowenstein and Tsuda, 2006) . Exocytosis of these granules externalizes P-selectin into the vessel lumen, where it interacts with leukocyte P-selectin glycoprotein ligand-1 (PSGL-1), mediating leukocyte rolling along the vessel wall. Further inflammation activates endothelial cells and leukocytes to express intercellular adhesion molecules and their integrin receptors, leading to leukocyte adhesion to the vessel wall. We hypothesized that EGCG inhibits leukocyte adherence to endothelial cells in part by blocking endothelial exocytosis.
Results

EGCG inhibits endothelial exocytosis of Weibel-Palade bodies
We hypothesized that EGCG, a major polyphenol component of green tea, has anti-inflammatory effects by inhibiting Weibel-Palade body exocytosis from endothelial cells. To examine the effect of EGCG upon endothelial cell exocytosis, we pretreated human umbilical-vein epithelial cells (HUVECs) with increasing concentrations of EGCG for 2 h, then stimulated the cells with 1 U/ml thrombin for 45 min and measured the amount of von Willebrand factor (VWF) released in the media. Thrombin triggered VWF release from endothelial cells, and EGCG inhibited this release in a concentration-dependent man- (A) Concentration-response plot. HUVECs were pretreated with 0-10 mM EGCG for 1 h, and then stimulated with 1 U/ml thrombin for 45 min. Exocytosis was measured by analyzing the media for VWF with an ELISA (ns3, mean"SD). (B) Time course plot. HUVECs were pretreated with EGCG for 0-4 h, and then stimulated with 1 U/ml thrombin for 45 min. Exocytosis was measured as above (ns3, mean"SD). (C) EGCG decreases P-selectin translocation. HUVECs were pretreated with EGCG for 2 h, and then stimulated with thrombin for 15 min. The cells were fixed in PFA and surface P-selectin was measured by incubation with an antibody to P-selectin and then a HRP-conjugated secondary antibody (ns4, mean"SD; *p-0.05). (D) Cell viability assay. HUVECs were pretreated with EGCG for 4 h, and then change to complete media and incubated for 24 h. The absorbance at 570 nm was measured using an MTT assay (ns3, mean"SD). (E) Serum does not affect EGCG regulation of exocytosis. HUVECs were pretreated with EGCG for 4 h in the presence or absence of serum and then treated with thrombin for 1 h; VWF was measured as above (ns3, mean"SD).
ner, with an EC 50 value well within physiological levels ( Figure 1A ). The inhibitory effect of EGCG was evident within 30 min of pretreatment, and increased slightly in a time-dependent manner ( Figure 1B ). To confirm that EGCG inhibits exocytosis, we also measured the effect of EGCG on P-selectin externalization. Thrombin increased P-selectin translocation on endothelial cells, and EGCG blocked P-selectin translocation ( Figure 1C ). EGCG treatment for 24 h had no effect on endothelial viability ( Figure 1D ). Serum minimally influenced the effects of EGCG ( Figure 1E ).
Other polyphenols do not inhibit endothelial exocytosis
Green tea polyphenols include four types of catechins, EC, ECG, EGC and EGCG. We tested which green tea polyphenols inhibit endothelial exocytosis. We pretreated HUVECs with each catechin at varying concentrations and measured VWF release. Among these polyphenols, only EGCG inhibited endothelial cells exocytosis at concentrations -10 mM (Figure 2 ).
EGCG decreases thrombin-induced leukocyte adherence to endothelial cells
To obtain functional evidence that EGCG inhibits the activation of endothelial exocytosis, we performed an ex vivo assay for leukocyte adherence. We treated HUVECs with EGCG, stimulated the cells with thrombin, added fluorescently labeled THP-1 leukocytes, washed the cells, and measured the number of adherent leukocytes. Thrombin increased leukocyte adherence to endothelial cells within 30 min. However, pretreatment with EGCG decreased thrombin-induced leukocyte adherence (Figure 3) . Pretreatment with an antibody to P-selectin also decreased leukocyte adherence, suggesting that Pselectin mediates the interaction between leukocytes and endothelial cells (Figure 3 ). Translocation of P-selectin to the cell surface is a hallmark of endothelial granule exocytosis. Taken together, these data suggest that EGCG inhibits leukocyte adhesion to endothelial cells, a process mediated by endothelial exocytosis and P-selectin expression.
NO mediates EGCG inhibition of endothelial cell exocytosis
To examine the mechanisms responsible for the inhibitory effect of endothelial exocytosis by EGCG, we analyzed the effect of EGCG on eNOS activation. HUVECs were treated with or without EGCG for 0.5, 1, and 2 h, and cell lysates were immunoblotted for phospho-eNOS (Ser-1177) and phospho-Akt (Ser-473). EGCG increased phosphorylation level of eNOS and Akt in a time-dependent manner, but the amount of total eNOS and Akt did not change ( Figure 4A ). In contrast, other polyphenols had a minimal effect on eNOS and Akt phosphorylation ( Figure 4B ). These data demonstrate that EGCG stimulates eNOS phosphorylation.
Phosphorylation of eNOS on S1177 activates eNOS to make NO (Dimmeler et al., 1999; Fulton et al., 1999) . Since EGCG activates eNOS phosphorylation, we next tested the ability of EGCG to stimulate NO production. A fluorescent assay demonstrated that EGCG activates HUVEC synthesis of NO ( Figure 4C,D) . We confirmed this result using VEGF as a positive control. Although H 2 O 2 can also inhibit exocytosis ), EGCG did not stimulate H 2 O 2 production ( Figure 4E ).
Since NO can inhibit exocytosis, we next determined whether or not NO mediates EGCG inhibition of endothelial cell exocytosis. We pretreated HUVECs with L-NAME, an inhibitor of NO synthase, added EGCG, stimulated the cells with thrombin, and then measured VWF release. EGCG inhibited thrombin-induced VWF release in the absence of L-NAME. However, L-NAME blocked much of the inhibitory effects of EGCG on exocytosis, especially at low EGCG concentrations ( Figure  4F ). These data suggest that EGCG-induced NO production plays a pivotal role in the inhibition of endothelial exocytosis.
We then used a pharmacological approach to explore the role of PI3K in EGCG activation of eNOS. The PI3K inhibitor LY294002 diminished the ability of EGCG to activate phosphorylation of Akt and eNOS ( Figure 5A ). LY294002 also blocked the effect of EGCG on endothelial exocytosis ( Figure 5B ). Taken together, these data suggest that EGCG activates a pathway that includes PI3K, Akt, and eNOS, and that this pathway mediates EGCG inhibition of exocytosis ( Figure 5C ).
Discussion
Our study demonstrates that EGCG inhibits endothelial exocytosis through an NO-dependent pathway. By limiting exocytosis, EGCG decreases leukocyte adherence to endothelial cells. Our observations may explain part of the anti-inflammatory effects of EGCG.
EGCG and leukocyte trafficking
Our data suggest that EGCG decreases leukocyte adherence to the vessel wall by limiting endothelial secretion (A) EGCG increases phosphorylation of Akt and eNOS over time. HUVECs were pretreated with 10 mM EGCG or control for 0-120 min.
Cell lysates were immunoblotted for total eNOS, eNOS phosphorylated on serine 1177, total Akt, and phosphorylated Akt. (B) The increase in phosphorylation of eNOS induced by EGCG is greater than that induced by other flavonoids. HUVECs were pretreated with 10 mM flavonoids for 2 h, and then stimulated or not with thrombin for 5 min. Cell lysates were immunoblotted as for (A).
(C) EGCG activates NO production. HUVECs were loaded with DAF-AM and then stimulated with VEGF or EGCG. NO production was measured by immunofluorescence (top) and cells were imaged by bright-field microscopy (bottom). (D) Quantification of NO production stimulated by EGCG (ns2-3, mean"SD; *p-0.01 vs. control). (E) EGCG does not trigger hydrogen peroxide production. HUVECs were loaded with DCF-DA, treated with EGCG or H 2 O 2 as a control, and imaged using fluorescent microscopy. (F) EGCG inhibits exocytosis through an NO pathway. HUVECs were pretreated with L-NAME for 1 h and then EGCG was added for 1 h. HUVECs were stimulated with thrombin and VWF exocytosis was measured as described for Figure 1 (ns3, mean"SD; *p-0.05 compared to 0 mM L-NAME).
of pro-inflammatory granules. By restraining Weibel-Palade body exocytosis, EGCG blocks endothelial externalization of P-selectin, which would otherwise promote leukocyte rolling. Other studies have shown that EGCG interferes with a subsequent step in leukocyte trafficking, leukocyte adhesion. EGCG blocks endothelial synthesis of VCAM-1, which mediates monocyte adhesion (Ludwig et al., 2004) . Moreover, EGCG can interrupt leukocyte CD11b interactions with ICAM-1 (Kawai et al., 2004) . Finally, EGCG also blocks chemotaxis, the final step in leukocyte trafficking (Takano et al., 2004) . Thus, EGCG may inhibit multiple stages of leukocyte rolling by targeting leukocytes and endothelial cells.
EGCG specificity
We observed that of the four catechins found in green tea, only EGCG inhibited endothelial exocytosis ( Figure  2 ). The effects of EGC, EC, and ECG on exocytosis at low concentrations were not significant. Furthermore, only EGCG increased Akt activation ( Figure 4B ). The molecular basis for this specificity is unknown. Several studies have compared the potency of these green tea polyphenols. EGC has a greater ability to scavenge radicals than EGCG, EC, and ECG (Guo et al., 1996) . EGC is more effective at inhibiting PDGF-stimulated cell growth (Sachinidis et al., 2002) . Furthermore, other fla- vonoids besides EGCG can increase NO production. For example, EC increases NO bioavailability by inhibiting NADPH oxidase (Steffen et al., 2007) . Thus, different catechins appear to inhibit cell proliferation and radical production through different mechanisms.
EGCG and NO
EGCG has a variety of effects on NOS isoforms. EGCG inhibits the expression of iNOS and NO, in part by suppressing NF-kB activation (Chan et al., 1997; Lin and Lin, 1997) . The effect of EGCG on nNOS is less clear, with some studies demonstrating an increase and others a decrease in nNOS expression (Wei et al., 2004; Sutherland et al., 2005) . Our study extends previous reports that EGCG activates eNOS phosphorylation in bovine endothelial cells . Our results also confirm that EGCG activates eNOS through an Akt-dependent pathway Kim et al., 2007) . The present study builds on these previous works by showing that other catechins have no effect on eNOS and by demonstrating that EGCG inhibits exocytosis. Finally, our results support the concept that NO modulates endothelial exocytosis (Matsushita et al., 2003; Yamakuchi et al., 2005) . 
Materials and methods
Cell culture
THP-1 cells (ATCC, Manassas, VA, USA) were grown in RPMI medium (Invitrogen, Carlsbad, CA, USA) supplemented with 10% heat-inactivated fetal bovine serum (FBS). HUVECs (Cambrex, Walkersville, MD, USA) were cultured in endothelial basal medium (EBM-2) containing endothelial growth factor supplements and 2% FBS (EGM-2 bullet kit, Cambrex).
VWF release analysis
Confluent HUVECs were cultured in supplement-free EGM-2 medium for 18 h. Cells were pretreated with catechins and L-NAME, then placed in serum-free EGM-2 media and stimulated with 1 U/ml thrombin for 1 h. The media were collected and the amount of VWF released was measured using an ELISA (American Diagnostica, Greenwich, CT, USA). P-selectin expression on the cell surface P-selectin expression on HUVEC surfaces was measured using a cell surface ELISA as previously described (Burns et al., 1999) . Briefly, HUVECs were seeded in 96-well plates, treated for 60 min with EGCG, then stimulated for 30 min with thrombin. The cells were fixed for 20 min at room temperature in 0.25% paraformaldehyde and blocked overnight at 48C with 1% bovine serum albumin (BSA). After washing, the cells were incubated with antibody to P-selectin (BD Bioscience, San Diego, CA, USA) for 1 h, then with goat anti-mouse HRP-conjugated secondary antibody for 1 h. The cells were washed with PBS three times, and TMB Substrate Solution (Pierce, Rockford, IL, USA) was added. The plates were read at 450 nm after stopping the reaction by adding sulfuric acid.
Western blot analysis
After supplement-free starvation for 18 h, cells were preincubated with catechins for 2 h. The cells were dissolved in lysis buffer, fractionated on 7.5% SDS-PAGE, and blotted onto nitrocellulose membranes (Bio-Rad, Hercules, CA, USA). The membranes were immunoblotted with antibodies to phospho-eNOS
Measurement of intracellular ROS and NO production
To detect intracellular ROS, HUVECs were treated with 10 mM EGCG for 60 min or with 100 nM H 2 O 2 for 10 min. Then the cells were incubated for 10 min at room temperature with PBS containing CM-H2DCFDA w5-(and 6-) chloromethyl-29,7EGCG-dichlorodihydrofluorescein diacetate, acetyl ester; Molecular Probes). For NO measurement, HUVECs were treated with 10 mM EGCG for 60 min or with 10 mM VEGF for 60 min. The cells were then incubated for 30 min with 2 mM DAF-FM diacetate (Molecular Probes). The cells were washed with HBSS and photographed using a fluorescence microscope over an area of 520 mm=700 mm. Digital images were optimized in Adobe Photoshop (Adobe Systems, San Jose, CA, USA) only by adjusting levels according to a linear function over the entire image.
Leukocyte adhesion assay
THP-1 cells were loaded with 5 mM BCECF-AM and washed with Hanks' balanced salt solution (HBSS). HUVECs were treated with thrombin for 30 min after EGCG pretreatment, and then BCECF-AM labeled THP-1 cells were added to each well. The cells were co-cultured at 48C for 15 min, washed with HBSS three times, and photographed using a fluorescence microscope at magnification of 10= over an area of 520 mm=700 mm. Digital images were optimized using Adobe Photoshop (Adobe Systems) only by adjusting the levels according to a linear function over the entire image.
Statistical analysis
Results are expressed as mean"SD. Significance between mean values was determined by Student's t-test, with a value of p-0.05 considered significant.
